Ultrasonic waves are partially reflec ted and scattered by biological tissues. In clinical ultrasonic systems, an ultra sound transducer transmits a very short ultrasound pulse to the medium under examination and this same transducer is switched in reception mode and "lis tens" for the echoes caused by reflec tors such as organ boundaries or small scatterers embedded in the tissue. The ultrasound velocity can be considered to be constant inside the body so that there exists a direct relationship between the echo time and the range of the scattered object, its direction being given by the direction in which the transducer is aim ed. In the "A-mode" of presentation, the amplitude of the echoes are displayed as a function of their depth (i.e. of the time). In the B-mode, the echo amplitude mo dulates the electron beam of the display and the echoes are displayed as bright dots along a linear trace.
By moving the transducer along the body wall, and sending successive pulses through the body from different directions, an image of a tissue slice can be obtained. Thanks to this, the physi cian can see the contours of the organs, and different textural appearance of the image may give additional information about its state. The signal processing used in these imaging systems consists of taking the signal envelope and coding the echoes with grey levels according to their amplitude. In practice, the original echographic signal contains other infor mation such as its frequency or its spec tral content which can give access to a quantitative estimation of tissue acous tical parameters, for example its scatter ing properties or its attenuation. The knowledge of these parameters makes it possible to differentiate between patho logic and healthy organs in a clinical background.
The attenuation of ultrasound inside tissue is known to be a quality sensitive to the tissue pathology1). Short time Fourier analysis of the signal, gives a local estimation of the attenuation2·3) by estimating either the variations of the spectral content or the signal intensity measured in a narrow frequency band. Both estimations must be corrected for systematic errors arising from diffrac tion phenomena which are especially marked when using focussed transdu cers4).
Tissue Modelling
A biological tissue is conveniently described by a discrete set of scatterers embedded in an attenuating medium. A short ultrasound pulse transmitted by the transducer is modified by two ef fects on its path to the scatterer which we define as being located at position ri : -a rather complicated diffraction phenomenon: the wideband pulse in duces a diffraction pattern where the higher frequency components of the beam are more concentrated on the axis than the lower. It can be considered as a diffraction filter which is depth depen dent; -the ultrasound attenuation which in many biological tissues can be modell ed by the following attenuation law:
A(f,ri ) = constant.exp(-β fn|ri|) (1) where f is the frequency and (β, n) the parameters of the attenuation law, cha racteristic of the tissue. The tissue in ef fect acts as a low pass filter.
The signal power spectrum received by the transducer is given by :
, which is depth independent, repre sents the parameters related to the acousto-electric transfer of the transducer :
K2(f) = E2(f) . I t 2(f) . Ir2(f)
It involves the voltage E(f) applied to the transducer during emission, the acou sto-electric transfer function lt(f) which relates the input voltage to the transdu cer surface velocity in the transmitting mode, the transfer function in the recep tion mode lr(f) which converts the backscattered ultrasound wave into an elec tric signal.
The other transfer functions are asso ciated with the propagation of the ultra sound wave through the medium and operate twice, once for the forward and the second time for the backward propa gation. It mixes a diffraction propagator H(f,r ) and an attenuation function A(f,ri). This model will be discussed first by making two simplifying approxima tions: i) the diffraction effect is neglected, ii) the distribution of scatterers is sup posed to be sufficiently uniform in the transducer field to reduce U(Fi,f) to an average function U(f).
Expression (2) then becomes:
where d is the distance of the scatterer located at ri to the transducer.
This expression gives the modifica tion of the depth independent spectrum U(f). K(f) induced by the low pass filter ing effect of the attenuation correspon ding to the isodepth volume located at a distance d from the transducer. Fig. 1 -Spectral composition change due to a linearly frequency dependent attenuation. It is instructive to plot S(f,d) as a func tion of time (Fig. 1) . Not only is a general decrease of the signal intensity observ ed, but also a change in the spectral composition with enhancement of the low frequency components; this effect obviously stems from the lowpass atte nuation filter.
To get a similar local spectral estima tion of the echographic signal, a short time Fourier analysis has been made ( Fig. 2 ): the signal is sampled by a sliding window and the corresponding spec trum modulus is computed for each win dow position. The snapshot of the suc cessive spectra shows the same charac teristics as Fig. 1 .
Attenuation Estimators
Two approaches can be followed to get the attenuation from this representa tion. It can be shown that if the transdu cer spectrum has a gaussian envelope and the attenuation is linearly depen dent on frequency (which is a rather good approximation for many biological tissues), the spectrum centroid frequen cy f versus the propagation distance d is a straight line whose slope is propor tional to the β parameter : fc = -2βcm  2 d (4) a is the transducer spectrum variance and cm the medium ultrasound velocity.
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In order to test this deduction, a set of 32 independent echographic A-lines coming from a test-object simulating the acoustic properties of a liver tissue has been used. Figure 3a shows the centroid frequency variation versus the distance deduced from one A-line (dashed line) and from the average of the 32 A-lines (solid line). The noise observed on the first curve due to the random distribu tion of scatterers has been eliminated.
The attenuation law is also simply ob tained by plotting the signal intensity in a narrow frequency band centred around fB versus the distance. A quick look at expression (3) reveals that the quantity βfB is simply proportional to the plot slope, the signal intensity being express ed in decibels. This parameter is plotted in Fig. 3b for three successive narrow frequency bands. The slope of these dif ferent curves allows us to obtain an esti mation of the two parameters (β,n) of the attenuation law.
Diffraction Correction in Attenuation Measurement
The bias introduced by the depth de pendent diffraction filtering effect can be simply explained by examining the diffraction impulse response, in the time domain, on the axis of a focussed trans ducer. Assume that a velocity impulse is applied to the transducer surface : as il lustrated in Fig. 4 , a scatterer located at the transducer focus is at the same dis tance from all the point sources of the radiating aperture, so that waves radia ted from the transducer surface arrive with the same delay. The impulse res ponse is brief and tends to a Dirac func tion ; there is no filtering effect. In con trast, the propagation distances are si gnificantly different in the transducer near and far fields which makes the du ration of the impulse response longer and, as a result, the low frequency com ponents of the transfer function are increased significantly. By taking into account the off-axis scatterers, a smoothing of the diffraction transfer function is obtained. In order to correct the experimental spectra S(f,d), a calibration procedure has been studied. A scattering phan tom, immersed in water is illuminated by the transducer under study. The backscattered signal coming from a slice located slightly below the phantom sur face is selected by using a temporal win dow, centred at the time  = c d where cw is the water ultrasound velocity; and the windowed signal power spectrum is computed. Then for the volume selected by the window, we obtain :
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where U'(f) is the scattering response of the phantom. The effect of water atte nuation is neglected. A mean diffraction filter is obtained by moving the transdu cer in a plane parallel to the selected slice. The same procedure is applied for different axial distances between the transducer and the phantom. It then gives the depth (time) varying depen dence of the mean diffraction filter. In order to avoid attenuation variations within the phantom, the distance set tings are adjusted in such a way that the sampled signal always comes from the same slice of the phantom, regardless of the selected axial distance. rying effects of the diffraction filter are clearly shown on this plot : the signal in tensity is increased around the focus, with a higher frequency content in the focal zone. Using these calibrated spec tra the diffraction effect can be removed from the estimated running spectrum S(f,d) by computing the corrected spec
The only remaining depth dependent filter is then due to the attenuation. Table  1 shows the efficiency of this correc tion : two sets of data have been used, one with a four centimeter thick phan tom set slightly in front of the focal point, the second with the same phan tom set behind this point.
Experimental Results on in-vivo Data
The digitized echographic A-line is selected by using an imaging B-scan unit linked to the acquisition system. Figure  6 shows the centroid frequency varia tion experienced by an A-line crossing the liver. Various attenuations associa ted with different biological tissues can be distinguished : the body wall presents a stronger attenuation than the liver. In set is shown a curve resulting from an average of five such curves selected in a homogeneous part of the liver. The slope deduced from it gives an attenuation of 0.5 dB/cm MHz.
The photographs correspond to a set of liver in-vivo data. The first one is a conventional reflectivity image (tissue area of about 3 x 3 cm2) obtained through a software processing of 512 Table 1 -Correction efficiency recorded A-lines. A vein is easily seen in the bottom centre. A mapping of the centroid estimator resulting from the same set of data is shown on the next photograph. A profile of the centroid fre quency along the upper white line is superimposed on the photographs and shows the decrease of this estimator with depth. The last photograph shows the mapping of the narrow band signal intensity, always with the same set of data. A comparison of these two last photographs illustrates the key features of these two attenuation estimators. The brightness variation, which ac counts for the variance of the attenua tion estimation is similar. It is associated with the distribution of scatterers inside the tissue which causes:
i) an amplitude variation of the echographic signal, adding then noise to the narrow band signal intensity estimator, ii) variation of the spectrum frequency content, due mainly to interference phe nomena, responsible for the noise of the centroid estimator.
In the case of a specular reflector, such as the vein present in the image, the behaviour of these two estimators looks different, the centroid being less affected by this inhomogeneity.
Conclusion
The main difficulty in tissue characte rization is to develop analytical methods that will isolate the different interac tions. At LEP, we have chosen to con centrate our effort on the estimation of tissue attenuation in order to provide cli nically useful information, for example in the diagnosis of diffuse liver disease1)· Methods based on a time frequency re presentation of the echographic signal have been considered and a particular effort has been made to understand and to correct the bias on the attenuation estimation due to the diffraction. It re mains to be seen whether all these algo rithms on clinical data enable quantita tive measurements to be made thus pro viding new tools in medical diagnosis. 
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